Solid pulmonary nodules are a common finding requiring serial computed tomography (CT) imaging. We sought to explore the detection and measurement accuracy of an ultralow-dose CT (ULDCT) protocol compared with our standard low-dose CT (LDCT) nodule follow-up protocol.
Introduction
Solid pulmonary nodules are a common incidental finding on imaging, with a reported prevalence of 8.5% to 18%. [1] [2] [3] Indeterminate nodules are most frequently managed by serial computed tomography (CT) chest to monitor for change in diameter or volume. [4] [5] [6] Volumetry provides better intrareader and inter-reader agreement when compared with 2-dimensional reporting of nodule diameter, [7] and allows measurement of the clinically relevant parameter of volume doubling time. [8] Low-dose CT (LDCT) chest protocols with radiation doses of around 1.5 mSv have shown no significant deterioration in imaging quality in the context of assessing nodules, [9] as there is inherently high contrast between pulmonary nodules and lung parenchyma.
Concerns regarding cumulative radiation dose in serial LDCT scans have led to the development of ultralow-dose CT (ULDCT) protocols. Phantom studies examining ULDCT protocols have shown promising capacity to detect and volumetrically characterize solid and subsolid nodules. [10, 11] We examined the use of an ULDCT imaging protocol (index test) to determine the accuracy of such dose-minimizing approaches in a clinical cohort.
Materials and methods

Study population and design
A pilot prospective cohort study was undertaken at our Australian tertiary metropolitan referral hospital, recruiting consecutive patients with known solid pulmonary nodules greater than 2 mm, who were undergoing surveillance LDCT chest scans (reference standard) as part of standard management.
Patients were included if they were over the age of 40 and had known pulmonary nodules requiring further imaging as part of standard follow-up (Fig. 1 ). Exclusion criteria were the inability to provide informed consent and contraindication to CT (eg, pregnancy). Data collection occurred between February, 2015 and October, 2015. As this study did not meet the ICMJE/WHO definition of a clinical trial, trial registration was not performed.
CT examination and data reconstruction
All scans were performed in the supine position using a 128-row multidetector scanner with dose modulation (SOMATOM Definition Flash and CareDose4D; Siemens Medical Solutions, Forchheim, Germany). The routine nodule follow-up LDCT was performed at 100 kVp (kilovolt peak), quality reference mAs (milliampere-seconds) 100. ULDCT was performed immediately after, typically with an interval of less than 1 minute, at either 80 or 100 kVp, quality reference mAs 20.
Both the LDCT and ULDCT were reconstructed using sinogram-affirmed iterative reconstruction (SAFIRE 3; Siemens Medical Solutions, Forchheim, Germany). All images were transferred to a picture-archiving and communication system (SYNAPSE; FujiFilm Medical Systems, Chicago, IL).
Image analysis
All CT scans (LDCT and ULDCT) were read by an experienced consultant thoracic radiologist (DP). Image analysis was performed by an independent author (MP) and verified by DP. Pulmonary nodules were identified on routine LDCT using 0.75 mm axial thin-slice reconstructions. All pulmonary nodules greater than 2 mm diameter (maximum of 10 per patient) were analyzed with semiautomated nodule segmentation software which was initiated by dragging an axial cursor (syngo.via, VA30; Siemens Medical Solutions, Forchheim, Germany). The segmented outline was qualitatively compared with the actual outline of the nodule and if segmentation was deemed adequate (eg, good contour, no vessel or pleura included, cavitation excluded), automated volume and axial diameter were recorded (Fig. 2) . If segmentation was inadequate, up to 5 reinitiation attempts were allowed. To reduce bias, the segmented outline was not further manually adjusted. Software calculated maximum axial diameters were in accordance with response evaluation criteria in solid tumors (RECIST) 1.1 guidelines. [12] 
Radiation dose estimates
Radiation doses of the LDCT and ULDCT scans were assessed using the automatically recorded CT dose index (CTDI vol ) and dose length product for each scan. Calculation of effective radiation dose in mSv (millisievert) was estimated by multiplying the Deak Conversion Factor chest specific conversion coefficient of 0.0144 mSv/mGy-cm (millisievert/milliGray-centimetre) by the dose length product. [13] 
Statistical analyses
All statistical analyses and subgroup analyses were prespecified. As nonparametric data were expected, the Wilcoxon signed-rank test was used for paired data, and Spearman correlation coefficient to examine the strength of association between ULDCT and LDCT data. P values of less than .05 were considered to reflect statistical significance.
The primary hypothesis was that ULDCT and LDCT nodule diameters and volumes would fall within a predefined clinically acceptable range. The method of Bland-Altman [14] was to assess of 95% limits of agreement between LDCT and ULDCT, with a priori acceptable clinically important limits of agreement for both diameter measurement and volumetry set at ±25%, the upper limit of interscan measurement variability, and the threshold for clinically significant change. [15] [16] [17] Data and preliminary analyses were performed with Microsoft Excel 2010 (Redmond, WA) and further analyses with GraphPad 
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Results
In all, 57 patients were recruited (Table 1) , with a mean age of 68.6 ± 10.3 years, 24 of which were female and 33 of which were male. Almost all patients (54/57) underwent a single scan in the study period; however, the remaining 3 patients underwent 2 nodule surveillance scans, resulting in a total of 60 image series (Fig. 1) . The median calculated effective radiation dose was significantly lower for the ULDCT protocol as compared to the LDCT protocol P < .0001). There was a moderately strong correlation between body mass index (BMI) and the effective doses for both LDCT (r = 0.58) and ULDCT (r = 0.45).
One patient was excluded from further analysis as they were acutely short of breath at the time of imaging, and significant motion artefact on both LDCT and ULDCT scans made them unsuitable for volumetric analysis.
In the remaining 59 image series, a total of 188 solid pulmonary nodules were identified on LDCT chest. All nodules identified by LDCT chest were seen on the ULDCT scan. Eighteen nodules (10%) failed segmentation (14 pleurally based, 4 abutted vessels/airways), with adequate segmentation achieved in the study cohort of 170 identified nodules. No new nodules were identified on ULDCT.
Nodules detected by LDCT demonstrated median RECIST 1.1 diameter of 6.8 mm (IQR 5.2-9.0 mm). ULDCT measurements differed minimally in absolute terms, with median diameter 7.1 mm (IQR 5.7-9.1 mm), though this difference was statistically significant (P < .001). The Bland-Altman bias was À3.6% ± 8.6%, with 95% limits of agreement À20.5% to 13.3% (Table 2) , falling within the prespecified clinically nonsignificant range. Inspection of the Bland-Altman plot (Fig. 3) 3 ), but statistically lower (P < .001). The Bland-Altman bias was 2.3 ± 10.4% with 95% limits of agreement À18.0% to 22.7% (Table 2) , falling within the prespecified clinically nonsignificant range. The Bland-Altman plot (Fig. 3) revealed a similar pattern to nodule diameter insofar that as nodule volume decreased, more outliers were observed. Again, LDCT and ULDCT were strongly correlated, with a Spearman correlation coefficient of 0.993.
The subset of indeterminate nodules (volumes of between 50 and 500 mm 3 measured on LDCT scans [15] ) was analyzed separately. In all, 97 nodules were included in this subset. The Figure 2 . Automated volumetry and diameter measurement. Solid pulmonary nodules were measured in accordance with RECIST 1.1. [12] The left panel (A) depicts measurements obtained with a standard low-dose computed tomography (CT), and right panel (B) depicts measurements with ultralow-dose CT. The resultant RECIST 1.1 diameters and volumes (converted to mm 3 ) were used for comparisons between techniques. Table 1 Demographic and anthropometric data of study participants (n = 57).
Patient characteristic Value
Age (y), mean ± SD (range) 68. 
Discussion
Our study demonstrates ULDCT chest performed well in detection and measurement of solid pulmonary nodules. All solid nodules greater than 2 mm seen on standard LDCT were detected on ULDCT. Mean differences in both 2-dimensional measurement and 3-dimensional volume measures were minimal, and consistent with prior studies reporting interscan variability. [16] [17] [18] Importantly, limits of agreement remained within the prespecified, clinically nonsignificant range, and this remained true even for indeterminate nodules, and also those patients with BMI ≥25. Thus, our findings indicate ULDCT imaging may be appropriate and reliable for serial imaging of known solid pulmonary nodules greater than 2 mm. Two-dimensional measurement of nodule size remains the most common way of reporting nodule size and assessing change in nodule size in serial scans. The Fleischner Society guidelines allow either diameter or volumetric measurement. [4, 6] Volumetry is increasingly used to measure the size of nodules, and also change in nodule size with time as it provides better intrareader and inter-reader reproducibility when compared with using maximal axial diameter. [7] However, while volumetry is effective at reducing variability in measurements within a scan, many studies have shown that there is significant interscan variability within volumetric measurements of a given nodule. [19, 20] A number of studies have found relative limits of agreement for interscan variability in the volume of a pulmonary nodule of between ±20% to ±25%. [16] [17] [18] For this reason, van Klaveren et al [15] defined growth on serial CT scans as an increase in measured volume of over 25%. Limits of agreement observed in our study are within this measure, and consistent with, or tighter than [21] [22] [23] prior limited reports regarding observed differences between LDCT and ULDCT imaging. As nodule size decreased, we observed more outliers, which is most likely due to measurement variability which differentially affects smaller nodules. Many of these nodules would not require follow-up in the new Fleischner guidelines. [6] Overall, our data suggest ULDCT may be appropriate for surveillance of known solid pulmonary nodules.
Kim et al [24] studied 25 patients with 14 lesions and reported no significant difference between LDCT and ULDCT protocols in diameter measurement for pulmonary nodules, using an ULDCT Table 2 Differences in diameter and volume for solid pulmonary nodules between low-dose CT and ultralow-dose CT. Low-dose CT vs ultralow-dose CT. † Difference between LDCT and ULDCT measurements as a percentage of the LDCT measurement, with 95% Bland-Altman limits of agreement. [14] Figure 3. Bland-Altman agreement plots for solid pulmonary nodules (n = 170) detected on low-dose CT (LDCT) as compared with ultralow-dose CT (ULDCT) for maximal axial diameter and volumetry. The left hand panel depicts the Bland-Altman [14] plot of LDCT and ULDCT measured diameters for solid pulmonary nodules. The right hand panel depicts the Bland-Altman plot of volumetry for the 2 techniques for the same nodules, with a logarithmic horizontal scale for volume. BlandAltman plots display the difference between values measured by LDCT and ULDCT against the mean of these 2 values. The upper and lower dashed lines represent the 95% confidence intervals.
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Medicine protocol of comparable effective radiation dose to the ULDCT protocol used in our study. Our study demonstrates a statistically significant difference between LDCT and ULDCT protocols, likely as a result of greater numbers of patients enrolled, and hence greater statistical power. Limitations of our study include that only a single reader was used for analysis of the data, and that this was done in an unblinded fashion without a significant temporal interval. However, we employed semiautomated volumetric software, a real-world tool which is designed to minimize interobserver variability. Our cohort contained no subsolid or semisolid lesions, thus findings remain limited to solid lesions. Not all lesions could be adequately characterized by volumetric analysis due to inadequate segmentation by software. The proportion of nodules with inadequate segmentation observed in our study is similar than previously reported in literature looking at semiautomated volumetry software. [21] We examined only patients with known solid pulmonary nodules greater than 2 mm. Some work has been done to assess the viability of ULDCT protocols for diagnostic assessment of interstitial lung disease and emphysema [25, 26] ; however, further studies are required before ULDCT could be considered for use in first-presentation diagnostic imaging, or lung cancer screening, rather than solid nodule follow-up. Similarly, this study does not address findings other than the pulmonary nodules in this patient group.
Further studies should examine the utility of ULDCT for initial detection of solid pulmonary nodules, detection and follow-up of subsolid nodules, and the diagnostic reliability of the technique for other thoracic abnormalities.
Conclusions
All solid pulmonary nodules detected on routine LDCT greater than 2 mm were detected on ULDCT. Ground glass and partsolid nodules were excluded from our analysis. Volume and diameter differences between LDCT and ULDCT images were minimal and consistent with those reported for interscan analysis of LDCT protocols. Nodule size and patient BMI did not significantly affect accuracy of volumetric measurements. Effective radiation dose was significantly lower than for LDCT chest imaging. Our findings suggest that ULDCT may be appropriate for serial imaging of known solid pulmonary nodules >2 mm, but further work is required before widespread clinical adoption.
